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I. INTRODUCTION
Diffusers are well established in room acoustics as a means to treat problems such as echoes while minimising removal of sound energy.
1,2 Good diffusers contain roughness over different length scales, with the aim of providing predictable spatial and temporal dispersion of sound across a wide bandwidth. Existing designs are almost exclusively surface-based, with the Schroeder diffuser perhaps being the most renowned example. 3 This comprises a sequence of wells whose depths are determined by a pseudo-random number sequence, thus introducing phase shifts to the reflected sound field.
In this paper the authors consider suspending cylinders in front of a Schroeder diffuser as a means to improve diffuser performance. Previous investigation has suggested potential benefits of such an arrangement, 4 including improvements to low frequency diffusion and reduction of the effects of 'plate' frequencies ͑where the Schroeder diffuser acts as a flat plate͒ associated with designs based on integer number sequences.
1 This paper aims to provide a more detailed investigation of such diffusive behavior in order to generate effective and practically viable cylinder arrangements.
The use of cylinders as part of a volumetric diffuser 5 contrasts with the majority of interest in the acoustic properties of cylinder arrays, which has concentrated on sound attenuation or reduced transmission at selected frequencies, 6, 7 although arrays of semicylinders have been employed as surface diffusers. 1, 8 Past efforts to improve the Schroeder design have included modifying the sequence of well depths, fractal embedding of wells within wells, folding of wells to increase effective depth, and modulating adjacent Schroeder diffusers.
1 All these approaches have relied on altering the diffuser itself, whereas the addition of cylinders would allow retrospective modification of existing installations.
Visual appearance is of key importance to the deployment of diffusers, and the use of cylinders may enhance Schroeder devices in this respect. Furthermore, the space between cylinders and the Schroeder diffuser could be used for a drape system to provide variable room acoustics. 9 While the addition of cylinders would increase overall diffuser depth, this could be overcome where space is limited by employing a shallower Schroeder diffuser, using sparse cylinder arrangements and only positioning cylinders close to the Schroeder wells. The addition of cylinders is likely to provide advantages over a Schroeder diffuser of the same overall depth, both in terms of improved diffusion and simpler construction.
A periodically repeated Schroeder diffuser is the focus of study due to its widespread practical implementation. Our investigation concentrates on the use of a single line of cylinders, aiming to address issues associated with periodicity in the Schroeder diffuser. Breaking up periodicity appears to offer the greatest potential for improvement; this is supported by evidence that positioning cylinders in front of a single Schroeder device has little positive effect on diffusion. 4 Scattering arrangements are investigated using a boundary element method ͑BEM͒, which is highly accurate and has been validated by practical experiment.
1 Cylinders are hung parallel to the extruded diffuser wells, hence by assuming infinite lengths of scattering elements, the problem is reduced to two dimensions. 10 A regular line of cylinders is considered first, investigating the effects of lateral cylinder spacing on diffuser performance. Investigation addresses angular dependence and low frequency effects, as well as scope for improvements to narrowband and modulated Schroeder devices. An optimization procedure is subsequently performed to investigate potential benefits of scattering arrangements with irregular radii and positions of cylinders. Optimization approaches have previously been successfully applied to a variety of diffusers in order to search for design improvements from a range of parameters, 1 as well as to improve other acoustic properties of cylinder arrays. 11 The authors use a previously presented a͒ multiple scattering method 4 to perform the optimization due to its computational efficiency, with results validated using BEM due to its greater accuracy.
Diffuser performance is assessed in terms of spatial diffusion, with temporal diffusion assumed to be inherent, as is common practice.
1 Although it is possible for good spatial diffusion to be achieved with poor temporal diffusion, such as with a single cylinder, this can safely be neglected provided scattering arrangements are non-trivial; moreover, the multiple scattering of cylinders in combination with a Schroeder device is likely to provide good temporal diffusion. The diffusion coefficient, an averaged circular autocorrelation of the spatial distribution of scattered pressure, is used to measure diffuser performance. 1 The diffusion coefficient ranges from 0 to 1, with better diffusion being indicated by larger values.
II. REGULAR ARRAYS
As a starting point for investigation, a regularly spaced line of cylinders is positioned symmetrically in front of a periodic Schroeder diffuser. The Schroeder diffuser is composed of 5 repetitions of a quadratic residue diffuser ͑QRD͒ of design frequency 500 Hz; the well depths of each QRD are determined by a quadratic residue sequence of length 7, well widths are 5 cm and fins are included between wells, as shown in Fig. 1 . Receivers are regularly spaced on a semicircle of radius 10m, centered on the face of the Schroeder diffuser. A planar source wave is incident normal to the Schroeder diffuser.
Cylinders are of radius 5 cm, positioned 10 cm in front of the face of the Schroeder diffuser. Spacing between cylinders is varied from 0.15 m to 1.65 m, with the number of cylinders present for each spacing determined by the total width of the Schroeder diffuser of 1.75 m; two examples of different spacing are shown in Fig. 1 . To assess performance, the average of the diffusion coefficient in the frequency range 340-3400 Hz is calculated; although diffusion can vary greatly with frequency, an average is taken to help simplify data and identify trends. Results are shown in Fig. 2 , with the number of cylinders present for different spacing shown at the top of the graph.
Significant improvements to the Schroeder diffuser are evident in Fig. 2 . Except for cylinder spacing close to the Schroeder period width and half width ͑0.35 m and 0.175 m respectively͒, cylinders have a consistent positive effect on diffusion, increasing the mean diffusion coefficient in the frequency range 340-3400 Hz by up to around 70%. Even the presence of just two cylinders is able to offer notable diffusive benefits, which could prove particularly useful where space is limited. It is worth noting that if the cylinders are positioned further from the Schroeder diffuser, performance remains very similar, but closer positioning is likely to be more practically desirable. For simplicity, only cylinders are considered in this investigation, but the marked dependence of diffusion on lateral spacing suggests that objects of difference cross-sections may also be able to provide diffusive benefits provided they are appropriately spaced.
In order to further understand the results of Fig. 2 , two differently spaced cylinder arrays are considered in greater detail. These are selected to represent the worst and best performance of cylinders according to Fig. 2 ; one is a line of 5 cylinders spaced according to the Schroeder period width, and the other is a line of 4 cylinders with 43 cm center-tocenter spacing, as shown in Fig. 1 with dotted and solid lines respectively.
Results for the diffusion coefficient across the frequency range 340-3400 Hz for each arrangement, as well as for the Schroeder diffuser alone, are shown in Fig. 3 ; the result without cylinders for a flat plate of the same total width is also displayed to provide a reference as a non-diffusing surface.
As suggested by Fig. 2 , the 5 cylinder array has little effect on the quality of diffusion -the commensurable spacing of cylinders means that periodicity in the Schroeder diffuser is unaffected. In contrast, the 4 cylinder array has a consistent positive effect, which is attributable to the nonsimple relation between the period width of the Schroeder diffuser and the center-to-center spacing of cylinders. Improvements due to the 4 cylinder array appear fairly uniform across the frequency range. At around 3500 Hz, where the Schroeder diffuser behaves as a flat plate due to all wells re-radiating in phase, 1 little benefit is provided by the cylinders, since performance here is unaffected by periodicity, hence there is little scope for improvement by the regular line of cylinders; however, multiple layers of cylinders, or staggering cylinders relative to the Schroeder diffuser, might be able to address this ͑as considered later with regard to optimization͒. Behavior below around 1000 Hz, where the Schroeder device provides little diffusion, is improved by the 4 cylinder array, and will be considered further below.
It is worth noting that the lateral spacing of cylinders is key to the diffusive effect: if the 5 cylinder array were shifted such that it were no longer centered on the Schroeder diffuser, or the lateral spacing of the 4 cylinder array were made equal to the Schroeder period width, similar results would be obtained as for the 5 cylinder arrangement in Fig. 3 ͑results not shown͒.
As another measure of performance, a polar plot of scattering is shown in Fig. 4 . Sound pressure levels of scattering are displayed for a 2500 Hz source wave at normal incidence to the 4 cylinder arrangement in Fig. 1 , as well as for the Schroeder diffuser alone. The reduction of grating lobes by the cylinder array is evident in the polar plot, particularly around Ϫ60°, 15°, 40°and 80°. Scattering amplitude at oblique angles is also increased. From Fig. 3 it appears that this improvement is fairly representative of the benefits provided by the 4 cylinder array.
Although diffusers are frequently positioned normal to the incident sound, this is not always the case: devices are sometimes positioned on side walls or at an angle, while a variety of source locations might occur, and reflections from different directions may be significant; a good diffuser should therefore perform well over a range of incident angles.
To assess angular dependence, the 4 cylinder arrangement shown in Fig. 1 is again used, and the diffusion coefficient between 340-3400 Hz is averaged for different angles of incidence, as shown in Fig. 5 . The positive effect of cylinders appears consistent across all angles, displaying a very similar angular dependence to the Schroeder diffuser alone. This is because the main effect of cylinders is to counteract periodicity in the Schroeder diffuser, which is unaffected by incident angle.
Low frequency diffusion is a key aspect of diffuser design, as space constraints often limit performance. The 4 cylinder array in Fig. 1 is used as a basis for further investigation of the effect of cylinders on low frequency diffusion from the Schroeder diffuser. Of interest is the effect of cylinder size and the distance between the Schroeder diffuser and cylinders. The quality of diffusion is assessed by averaging the diffusion coefficient in the range 340-1040 Hz ͑wavelengths 1-0.33 m͒, where the Schroeder diffuser alone provides little diffusion ͑as evident in Fig. 3͒ . The results of varying cylinder radius and separation between the Schroeder diffuser and cylinders are shown in Fig. 6 .
Low frequency diffusion improves steadily with increasing cylinder radius up to around 10 cm, due to larger cylinders providing greater scattering amplitude at low frequency, hence having a greater effect on diffusion. To provide low frequency improvements to the Schroeder diffuser, cylinders must therefore be sufficiently large: to significantly scatter sound 12 at wavelength , cylinder radius a տ/ 2. The result tends to level off for larger radii in Fig. 6 , which is due to the diffusion coefficient being averaged over a range of frequencies -if a lower frequency upper limit were used, the leveling off would shift to a larger cylinder radius ͑results not shown͒. A small fluctuation in low frequency diffusion is observed for the largest cylinder radius with the smallest separation between cylinders and the Schroeder wells, which is presumably due to the proximity of the cylinder surface to the Schroeder well resulting in less predictable scattering behavior.
Results suggest that low frequency diffusion does not increase with the separation between the Schroeder diffuser and cylinders; in fact, moving cylinders further away from the Schroeder diffuser seems to reduce low frequency diffusion due to the weaker coupling between cylinders and wells resulting in a smaller diffusive effect. This implies that improvements to low frequency diffusion by the cylinders is not due to multiple scattering paths effectively increasing the depths of the Schroeder wells, but simply through breaking up periodicity: at low frequency, diffusion from the Schroeder device in this instance is limited by periodicity rather than depth, 1 and the reduction of the effects of periodicity by the cylinders appears to be the reason for low frequency improvements.
III. REGULAR ARRAYS WITH OTHER SCHROEDER DIFFUSERS
Only a single type of Schroeder diffuser has been considered so far. Of interest is the effect of cylinders on other Schroeder devices, including one designed to perform over a narrower bandwidth, which due to its smaller size might be implemented where space is limited. To investigate this, a Schroeder diffuser is composed of 5 repetitions of a length 7 QRD, similar to previously, but with design frequency 1500 Hz and well widths 3 cm. The cylinder array is based on the 4 cylinders in Fig. 1 but with 30 cm lateral spacing due to the smaller total width of the Schroeder diffuser. Diffusion coefficient results are shown in Fig. 7 . Improvements to the Schroeder device by the cylinders are very similar to previously, including a reasonable enhancement to diffusion below the design frequency.
The main contribution of cylinders appears to be in tackling problems associated with periodicity in the Schroeder diffuser. This has been addressed in the past by modulating different Schroeder base shapes to form larger devices, 13 and it is of interest whether cylinders are able to provide further improvements to such a design. As a basis for investigation, a length 7 QRD ͑A͒ of design frequency 500 Hz is modulated with a length 5 QRD ͑B͒ of the same depth to form a sequence ABBABA.
1 The same 5 cylinder array as in Fig. 1 is centered 25 cm in front of the modulated Schroeder device, and diffusion coefficients for the arrangement are plotted in Fig. 8 .
The presence of cylinders again improves performance, albeit less dramatically; the average diffusion coefficient is 0.36, compared with 0.25 for the Schroeder diffuser alone. Although the spacing of the 5 cylinders was previously not beneficial to diffusion ͑due to being commensurable with the Schroeder period͒, the changes to the Schroeder diffuser mean this is no longer the case, despite the length 7 QRDs in the modulation having the same width as used previously. However, performance fluctuates quite markedly across the frequency range, which appears to be due to the modulation of the Schroeder diffuser affecting the frequencies at which the regularly spaced cylinders are able to improve diffusion. This may correspond with the fact that spacing the cylinders at 25 cm rather than 10 cm from the Schroeder diffuser provides better performance, which did not appear to be the case for periodic devices.
IV. OPTIMIZATION
The introduction of irregular cylinder radii and positions should benefit diffusion by increasing roughness over a range of length scales, thus providing more random scattering from cylinders over a variety of frequencies. While it is not possible to evaluate systematically all combinations of effects, an optimization procedure is able to search in an automated manner for favorable arrangements from a number of parameters.
14 In order to simplify investigation, cylinders are restricted to a grid with only a discrete set of possible radii; not only does this make the optimization procedure more straightforward by reducing the size of the search space, it also means results would be more practically viable to construct.
A genetic algorithm is the most appropriate method of optimization due to the discrete nature of arrangements, and a standard procedure is implemented. 1 The performance of each array is assessed in terms of a single metric, which is selected as the mean of the diffusion coefficient for normal incidence over the range 340-3400 Hz minus the standard deviation, thus reflecting both overall effectiveness and uniformity of diffusion. There will realistically be several similarly good results, and a global maximum is very unlikely to be found, so in practice the algorithm is only expected to obtain reasonable diffusion results. This is especially noteworthy because by imposing particular grid positions and radii, it means that even if a global maximum were found for those particular constraints, the maximum would only be for a fairly arbitrary configuration. For convenience and applicability to existing diffusers, Schroeder well depths are not optimized by the genetic algorithm.
An array of grid points is positioned symmetrically in front of 5 repetitions of a length 7 QRD, as shown in Fig. 9 . Grid positions may be either empty or occupied by a cylinder of radius 2.5, 5 or 7.5 cm. The grid is composed of 7 rows ͑each running perpendicular to the Schroeder face͒ and 5 columns. Spacing between rows is 25 cm, which is incommensurable with the Schroeder period width; based on Fig.  2 , this spacing should provide good diffusion, and offers more scope for optimization than the 43cm spacing considered previously, which would only allow space for 4 rows. Each row may contain at most 1 cylinder, meaning no cylinder is obscured. Columns are separated by 5.62 cm, and lie between 20 cm and 42.48 cm from the Schroeder face. The setup is intended to provide a single-layer cylinder array which includes variation of cylinder radii and positions.
The genetic algorithm is performed using a multiple scattering approximation, 4 and results are validated using BEM. A successful array is shown in Fig. 9 ; worth noting is that all rows have cylinders, and only the two largest cylinder radii are present. Corresponding diffusion coefficient results obtained using BEM are shown in Fig. 10 . The diffusion coefficient for the whole array is compared against that for the Schroeder diffuser alone and a flat plate of the same width.
The optimized sequence of cylinders provides considerable improvements to diffusion across the frequency range, with a mean diffusion coefficient of 0.46; this provides a 130% increase over the result for the Schroeder diffuser alone, and an increase of around 35% over the best regular array spacing in Fig. 2 . Although some larger cylinders are present in the optimized array than in Fig. 2 , this alone does not account for the increase in diffusion; rather it is the combination of different positions and radii. Perhaps most significant is the removal of the Schroeder plate frequency at around 3500Hz; the irregularity of the array means the cylinders are able to address issues other than just those associated with periodicity in the Schroeder diffuser. Nonoptimized arrays can provide diffusive benefits approaching those of the optimized array; results are not shown for simplicity, but a good example is obtained by staggering cylinders on the grid points shown in Fig. 9 according to a quadratic residue sequence.
To ensure that results are not 'over-fitted', 1 where arrays only perform well for the conditions used to rank them in the genetic algorithm rather than being good diffusers in a broader context, the array is tested with different angles of incidence and frequencies, suggesting that the result is robust; an example is shown in Fig. 11 , which demonstrates stronger and more uniform diffusion across frequencies with the optimized arrangement than for the Schroeder diffuser alone.
V. CONCLUSION
Positive results have been obtained for the diffusive effects of cylinders positioned in front of a Schroeder diffuser, which could be straightforwardly applied or retrofitted to existing devices. The effects of cylinders appear uniform across different angles of incidence. Cylinders are able to provide improvements to diffusion at low frequencies, provided cylinder radii are sufficiently large to cause significant scattering. Further to improving diffusion, cylinders may also provide aesthetic advantages.
Clear diffusive benefits are demonstrated with a very simple line of cylinders in front of a periodic Schroeder device, provided cylinder spacing is incommensurable with the Schroeder period width. Cylinders also offer benefits to narrowband and, to a lesser extent, modulated Schroeder devices, with increases to the diffusion coefficient in the frequency range 340-3400 Hz typically at least around 50%.
Further improvements are obtained by an optimization method, including the removal of Schroeder plate frequencies, which demonstrates the benefits of staggering cylinders of different sizes, although the simplicity of an incommensurable row of regularly spaced cylinders may be most promising in terms of practical implementation. Fig. 9 , with source wave incident at 45°across frequency range 3-10 kHz.
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